APPLICATION OF LORAN-C POSITIONING 
TO HYDROGRAPHIC SURVEYING 



Kurt J, Schnebele 



NAVAL POSTGRADUATE SCHOOL 

Monterey, California 




THESIS 



.IPPLIClflC" 0? LOPff 
id HYDROCrl.'JHIC 


'-C POSIflOYi::! 

; su?a/p;yi”s 




0.7 






ICrrt J. Schredele 




September 


1979 




She sis Advisor: 


D. Y. '" 0 : 





-pproved for pvidlic release; distriortion unlinited 




SECURITY CLASSIFICATION OF THIS PACE D«r« Entmrmd) 



REPORT DOCUMENTATION PAGE 


READ INSTRUCTIONS 
BEFORE COMPLETING FORM 


1. PEPOPT NUMEEP 


2. GOVT ACCESSION NO. 


3. PECIPIENT'S CATALOG NUMBEP 


4. title rAnd tutflflAj 

Application of Loran-C Positioning to 
H 2 ’’dro gr apni c Surve 2 ;’ing 


S. TYPE OF PEPOPT k PEPlOO COVERED 

Master's Thesis 
"^en+ember 1070 


S. PEPFOPMING OPG. PEPOPT NUMEEP 


!fi(i^"^urt J. Schnebele, HOAA 


S. COnTPACT op grant NLMEEPr«J 


• . ^ENCONMINO ONOAnIZATION name and AOONCtS 

IT aval Postgra.dua,te School 
I'lonterey, California 93940 


10. PPOGPAM element. PPOJCCT. TASK 

APEA k WOPK UNIT NUMEEPS 


II. contnollino office name ano adoncss 

"aval Postgraduate School 
Mont ere:/, California 93940 


13. REPORT DATE 

September 1979 


11. number of pages 

50 


U. MONI TOPING AGENCY NAME * ADDPESS<<I dlKmront Irom Controlling Olllco) 

ITaval Postgraduate School 
Monterey, Califomia 93940 


IS. SECUPITY class. (oI tnio ripon) 

Unclassified 


iSd. OECL ASSI FI cation/ DOWNGPAOING 

schedule 


It. OISTRIBUTION statement (oI iM, «•#•,(> 

Approved for public relea.se; distribution unlimited 



17. DISTPiauTION statement (ot thm mnft^d in Bldck 20, H di/i»rdnt from Moport) 



It. SUPPLEMCnTAPY notes 



t. KEY WOP OS (Continuo on rmwotoo sido H nocoomorr And idmntity fey block numbmr) 



Loran-C; Hydrographic Surveying; Differential, Calihration, 
Overland Propagation Correction 



20. AESTPACT (Continuo an rowmmm cido it nocoommry «nd idontift by block numkor) 

One oossible a.pplica,tion of hyperbolic loran-C as a positioning 
system for hydrographic surveys wavS investiga.xed. It v;as 
found that the present capabilities of the system did not meet 
the 40 meter (drms) accurac 2 ' required for offshore siirve'^'s, 

Ihe Lise of diff erentiaJ. Loran-C technioues and .ceodetic cali- 



bration "Drocedures v/as examined. 



field test v/as conducted 



in hontere^.^ Lay, Calif orn.ia., using a m.icrov/ave positioning 



I JAN 71 1^/ J 

(Page 1) 



DO 



COITION OC I NOV St It OatOLXTS 
S/N 0103-014-6«01 I 



SECUPITY CLASSIFICATION OF THIS PAGE (Whon Doto Enttod) 



^euWlTV CV, AttlFlC^TlOH OW Twit Bmimf4 



system to test the accuracy of the V.'est Coast Loraa-0 chain, 
specifically the 9940-‘.7 and Y rates. Overland propagation 
corrections for the test area are presented. It v/as found 
that scrupulous application of the differential technique 
and rigorous • cali oration procedures improved tine absolute 
position accuracy of a mobile Loran-C receiver to something 
less than 100 meters (drms). 



DD Form 1473 




2 



• fCU«I^V CLAifl^lCATlON 0^ Tmt 



Approved for pudlic release; distribution unlimited 



Application of Loram-G Positioning 
to H;^dro graphic Surve 3 ring 



- 3 ^ 

Kurt J. Schnebele 
Lieutenant Commander, KO.'ul 
3. S. , University/ of ’■/ash.ington, 1970 



Submitted in partial fulfillment of 
tlie requirements for tiae degree of 



UAST3R OP SCISI'TCE lU OC3.\IIOC-Ri\PH3( (HU3R0GR/\PHY) 



from the 

1TA7AL P0SPC-RA3ITAT3 SCHOOL 
September 1979 



A3ST?JlCT 



The possible application of h:/perbolic Loran-C as a 
positioning system for hydrographic surve 3 /s v/as investigated. 
It was found that the present capabilities of the S 3 ’stein did 
not meet the 40 meter (drms) accurac 3 ’’ reciiired for offshore 
surveys. The use of differentia.1 loran-C techniques and 
geodetic calibra.tion procedtires v/as examined. A field test 
v/as conducted in iIontere;r 3a’v, California, using a microv/ave 
positioning S 3 ’-stem to test the accvirs-cjr of the best Coast 
Loran-C chain, specifically/ the 9940-h and Y rates. Overland 
propagation corrections for the test area are presented. It 
v/as found that scrupulous application of the differential 
tec'nnique and rigorous calibration procedures improved the 
a.bsolute position a-ccuraicy^ of a mobile Loran-C receiver to 
something less than 100 meters (drms). 
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I. ADVAI-TTAGSS 07 THE LORAIT-C SYSTEM 



Present hydrographic survey procedures rely heavily 
upon electronic positioning systems, typically mediiira- 
frequency systems which require substantial shoreside instal- 
lations for the antennas and ground planes. There are 
attendant problems with logistics, land use permits and 
vandalism. In addition, situations arise where the geometric 
configuration of the medium-frequency system being used for 
a particular sxirvey leaves some portion of the area less 
than adequately covered. A positioning system based on 
Loran-C, or some combination of loran-C and medium- frequency 
systems, could alleviate these problems. Yith its trans- 
mitters already in place and continuously operating, a 
Loran-C system would require none of the shoreside installa- 
tions associated v/ith medium-frequency stations. As discussed 
later, the differential loran-G technique does require estab- 
lishing shoreside receivers, but the installation would be 
much smaller and simpler than that of a medium-frequency 
transmitter. Used in a combined system, loran-C could 
supplement the medium-frequency system by providing addi- 
tional coverage. Por example, the medium-frequency stations 
could be positioned to provide the best coverage in the near- 
shore areas of the survey v/hile leaving the offshore areas 
to be covered by Loran-C. Additional scenarios can be 
imagined where the application of loran-C v;ould be advanta- 



geous. 



Loran-C has not had widespread use as a hydrographic 
positioning system hecause of its comparatively poorer 
accuracy. The ^ stem v;as designed to provide a repeatable 
position accuracy of 0.25 nautical miles (463 meters) while 
most hydrographic applications require almost an order of 
magnitude better accuracy in absolute position. Because 
of improvements in equipment and data processing procedures, 
the potential accuracy of the S37stera has been improving. 

Recent investigators have quoted positional accuracies in 
tens rather than hundreds of meters for some applications. 

This v/ork v/as largely stimulated b;/ one such study [Ooddard, 
1973 in v/hich, a position repeatability of 6 meters was 
obtained (one drms). It v;as decided to review the present 
and future potential of Loran-C in order to estimate its 
usefulness as a positioning system for h 3 Mrographic surve 3 ^s. 

As discussed in this report, it appears that absolute 
positional accuracies in the range of 40 to 100 meters 
(drms) are presently achievable in a loran-C system if 
sufficient geodetic calibrations are obtained and differential 
correction techniques employed. Given these accuracies and 
caveats, such a system would be of little value in routine 
hydrographic svjcvej operations in the coastal waters of 
the United States. It should be noted, hov/ever, that the 
S3/stem accuracy is highly sensitive to any improvements in 
receiver performance and the model used to accoimt for the 
effects of overland propagation. Both of these aspects 
of the loran-C system are being studied extensively and it 
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is likely that significant improvements will be forthcoming. 
The increase in research and development work has been stimu- 
lated by the Department of Transportation decision in 1974 
to implement loran-C as the radionavigation system for the 
Coastal Conference Zone of the United States, '//ith this 
long-tem commitment to the availability of loran-C, new 
techniques and improved equipment designs are being pursued 
by both government and industry. The result will surely be 
an improved Loran-C system with wider applicability for use 
as a positioning system in hydrographic survey operations. 
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II. TIKE DIPFEHEIIGE EQUATIOF 



The following discussion assumes considerable familiarity 
v/ith the basic loran-C syst.em. General descriptions are widely 
available in government publications and texts on navigation. 

A comprehensive review may be found in the American Practi- 
cal -a.vigator 197^ . 

In its traditional application, Loran-C is a time dif- 
ference, hyperbolic positioning system. Each obsen'/’ed time 
difference, or rate, provides one hyperbolic line-of-position. 
By observing the transmissions from three stations, tv/o 
hyperbolic rates are measured and a position can be deter- 
mined by either graphical or analytical techniques. The 
graphical solution technique is commonl:/ used in conjunction 
with nautical charts where the rates are pre-plotted and the 
user merely locates the intersection of his observed rates. 

The analytical solution offers better precision and more 
flexibility than the graphical technique. The following 
discussion develops the basic time difference equations 
which are used to compute a geographic position from 
observed loran rates. 

The time difference observed at a receiver is the 
difference in arrival times for signals from the master 
and one secondan;^ transmitter in the chain. Because all 
transmitters share the same frequencies, their signals 
must be separated in time to prevent interf erence. Each 
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station repetitively transmits a burst of pulses followed 



'oj a relatively longer silent period. Ibe chain is s.-^m- 
chronized so that the master transmits first followed by 
each of the secondaries in turn. The transmission of each 
secondary is delayed by a specified amount (the emission 
dela3'’) so that nowhere in the coverage area v/ill signals 
from one station overlap another. 

Referring to Pigure 1 with a receiver located at point R, 
the observed time difference using the master I-I and secon- 
dar3/ ’.v is, 



where SD..^ is the emmission delay specified for secondar3/- h, 
and t..^ and t^^ are the travel times from the secondary h to R 
and the master to R respectively. 

In order to ezcpress the time difference as a function 
of geographic position, the travel time t is separated into 
additive terms, 



where c = free space propagation velocit3r, n = index of 
refraction for a standard atmosphere, D = geodesic distance 
from the transmitter to receiver, and F is the so called 
Phase Factor v/hich corrects for the retarding effects of 
the earth's surface along the path. Substituting this form 
into the time difference equation gives a pair of equations, 




ri 



( 1 ) 



t = -^ D + F 
c 



( 2 ) 
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{ transmits at t = EDy) 



7igi;ire 1. Components of Time Difference Measurement 

Loran transmitters located at M and Y and Receiver 
at R. Refer to text for explanation. 
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which relate the loran time differences TD’,/ and TDY to the 
distances from each of the three transmitters. Several 
computational techniques have been used in order to solve 
these equations for the geographic position of the receiver 
Qfor example, Campbell, 1965] . Most are iterative in that 
time differences are computed using an estimated position 
of the receiver and then compared to the obseiTved values. 
7/ith this information, a new position is chosen and time 
differences recomputed. The process repeats until the 
computed and observed TDs agree to within some specified 
tolerance. Systematic errors result from inaccurate pre- 
diction of the Phase Pactors as discussed later. 
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III. DIFPERSI'TTIAL LOR/JT-C 



The differential Loran-C technique is a method of improving 
the temporal stability ar*d repeatability of the system. 
Fixed-monitor receivers are located in the geographic area 
of interest and average time differences determined. Changing 
propagation conditions and transmitter instabilities are 
detected as deviations from these average time difference 
values. These deviations are then used as differential 
corrections for other receivers in the nearby?- area. 

It has been also suggested that this technique can be 
used to determine geographic corrections for an area. In 
concept, if the geographic position of the monitor receiver 
v/ere knov/n, then the differences betv/een the computed and 
observed rates at the monitor v/ould constitute corrections 
applicable to other nearby receivers. Applying these correc- 
tions should allov/ an accurate computation of the geographic 
position of the receiver. In the context of the subsequent 
discussion in this paper, this is equivalent to determining 
the s;^stematic errors or overland propagation corrections 
of the Loran net at a single point in the area of interest. 
Because the overland corrections change significantly in 
passing across the land-sea interface, a shore-based monitor 
would be of little value in determining the S3;'stematic 
errors offshore v/here the survey vessel is operating. The 
implication for a hydrographic positioning system is that 



the geographic position of the shore-based monitor need not 
be determined nor be a criteria in the selection of monitor 
sites. 

The differential technique is necessary, hov/ever, in 
order to eliminate significant temporal fluctuations in the 
loran rates. Several tests have shown that these temporal 
instabilities are v/ell correlated over distances on the 
order of 100 kilometers even across the land-sea interface. 
One such test (Goddard, 197|1 used a stationar37‘ receiver 
v/hich v/as shifted among five different sites along the 
shore of Delav/are Bay and one site at an offshore lighthouse 
over a six week period, Tv/o fixed monitors v/ere used in 
order to test the differential technique over a variety of 
separation distances from about 50 to 150 kilometers, '.ihen 
differential corrections were made at 100-second intervals 
using 100-second average values at the monitor and receiver, 
the temporal instability of the receiver \'ras significantly 
reduced. Expressing the instability as the standard devia- 
tion of the observed values, the improvement was from a 
maximum of 0.07 microseconds uncorrected down to something 
less than 0.02 microseconds after correction. A similar 
improvement v/as observed on each of the separation distances 
tested. 

This correla.tion is essential if a shore-based monitor 
is to provide useful corrections for a surve3/ vessel operatin 
offshore, "eronda Ql 977, p. 33] has suggested that this 
correlation distance may be as great as 240 kilometers if 



the monitor is located along the signal path to the working 
area. Thus in choosing the monitor site or sites, due con- 
sideration must he given to differences in the paths from 
transraitter-to-monitor and transmitter-to-surve3/' area. 

For example, situations where the path to the monitor is 
entirel3T over land v/hile the one to the surve3^ area is 
largely seav;-ater should he avoided. Bj locating the moni- 
tors on peninsulas, headlands, or offshore islands, this 
situation should rarelj/ develop. 

It is interesting to note that the Sj/stem Ijrea Monitor 
(S/J'l) stations associated v/ith each loran chain apply 
differential-type corrections to the loran rates in real- 
time. These stations continuousl3/^ monitor the signals 

from all transmitters in the chain. If the observed time 
difference deviates '03.^ more than 0.05 microseconds from its 
e^cpected value, then the appropriate secondary is instructed 
to adjust its emission delay time in order to remove the 
error [':"GA, 1976 ] . These real-time corrections are intended 
to control timing errors between stations, hut the3^ also 
pick up an3^ changes in the propagation conditions which 
man occur on paths from the transmitter to the S.\M site. 

In comments on the remarkable stahilit37' of the Loran rates 
in San Francisco Harbor, Illgen jjl 97 ^ noted that the opera- 
tion of the S/d'I at Point Pinos, v/hich is some ISO kilometers 
to the south, produced a situation closel3/ resembling differe 
tial loran-C. 
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IV. ACOaRACY CONSIDERATIONS 



The sources of error in a Loren position can be dis- 
cussed in terras of those effecting the repeat at ilit 37 ’ of 
the S3^stera vis-a-vis those producing s3/steraatic or tirae 
invariant position errors. This separation corresponds 
to the \-ra.j in v/hich the corrections are applied. The 
temporal varia.tions monitored by the differential technique 
are used to correct the observed rates; i.e., improve the 
repeatabilit3;' of the observations. The si'steraatic errors 
are determined by calibration and e.pplied to correct the 
computed position. 

The factors effecting repeatability are receiver errors, 
transmitter timing errors, and temporal changes in propaga- 
tion conditions v/hich rest;lt from v/eather related phenomena, 
S3/’stematic errors, as defined here, result from geographic 
differences in propagation conditions, such as the conductivit:/ 
and length of the overland portion of the signal path. 

A. G-EOIiETRIC DILUTION OE PRECISION (C-DOP) 

The h 3 N 3 erbolic geometry implicit in the time difference 
equations affects the precision of the computed geographic 
position. The effect is expressed as a gradient in meters 
per microsecond v/hich is termed the Geometric Dilution of 
Precision. Its functional form is derived in an3/ of several 
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references |iVtlantic Researclc Corp. , 1962, p. 13C0 . The 
G-DOP factor expresses the comoined effect of lane expansion 
and decreasing intersection angles hetv;een the hyperbolic 
arcs as the distance from the baselines of the Loran chain 
is increased, Por the purpose of this discussion it suffices 
to note that over the coastal waters of the United States, 
the GDOP varies from about 200 to 2000 meters/microsecond. 

The implication is that an accuracy/ of 0.1 microsecond in 
each rate gives a position accuracy between 20 and 200 meters. 
Thus the geonetr^^ of the Loran chain is significant in deter- 
mining v/hether or not the S 3 '’stem can provide survey'" quality 
position data. The Defense Mapping Agency’’ has prepared 
charts for each lorsn-C chain v;hich depict the effective 
coverage area, depending upon the variation in GDOP as well 
as maximum signal range and e:cpected signal-to-noise condi- 
tions. These are published as Loran-C Reliabilitj'" Diagrams 
in the SI0RM5000 chart series. 

D. RDCDI^.^R ERRORS 

Receiver errors are a function of the signal strength, 
signal-to-noise ratio, amount of slcjn/ave and cross-chain 
interference, velocit;;" and/or acceleration of the receiver, 
and receiver design. Interference problems are minimal 
because of phase coding applied to the transmitted pulses 
and timing relationships between adjacent chains (j/vGA Pub. 

ITo. 1, 1976]. The speed of t^rpical bg^'dro graphic survey 
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vessels is less than 20 loiots and its effect can be eliminated 
by appropria.te sampling and filtering techniques. 

Under favorable signal-to-noise conditions, several 
commercial receivers have exhibited time difference errors 
v;ith a standard deviation of less than 0.1 microsecond 
19773 . This is obtained v/ith averaging times on the order 
of a fev; seconds, corresponding to an average of 10 to 100 
measurements depending on the repetition rate of the chain. 
Because of Loran geometig;', significantly better performance 
is needed in order to obtain typical survey accuracies over 
much of the U. S, coastal v/aters. A performance goal of 
0.05 microsecond is not unreasonable. Improved receivers 
can be e:o)ected in the next fev/ years. Longer effective 
averaging times can be achieved b;r designing processing 
schemes which incorporate ship course and speed data. 

Improved performance in stationarj'’ receivers has already 
been demonstrated; for example, G-oddard ( 1973 ) used 100-second 
averages and achieved standard errors on the order of 0.01 
microsecond. 

Signal-to-noise conditions also effect performance. 
Favorable conditions are -10d3 or better. In designing 
the Loran transmitters, pov/er outputs are chosen to provide 
suitable signal strengths in the coverage area. At about 
-4.8dS, most receivers begin to exhibit increasing errors 
until some minimum va.lue is reached and the receiver ceases 
to track the signals. For more information on receiver 
performance under vanrying conditions, Yeronda [197'3 has a 
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comprehensive list of availa.hle literature. The implication 
for hydrographic v/orlc is that signal strength and signal-to- 
noise information must he collected in order to insure data 
quality. Several commercial receivers already provide these 
outputs, 

C. TRAIT SI-UTTER TII-TIHa ERRORS 

Instability in chain timing and synchronization is the 
least significant source of error. Cesium frequency standards 
at each station provide a highly accurate timing reference. ■ 
A.s noted in the discussion of differential Loran, the System 
.Irea Konitors control chain timing to v/ithin 0.05 micro- 
second, Field measurements he,ve shov/n that the actual error 
is considerably less than this control tolerance, Rata 
collected from the VTest Coast loran chain gave a standard 
deviation of 0.02 microseconds due to transmitter fluctua- 
tions [lllgen, 197^, In any case, the differential Loran 
technique readily corrects for any significant transmitter 
errors. 
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Y. L0P_4i'T-C C-ROU!TD V/AVS PROPAGATION 



loran-G is a lov/ freq'uenc 3 ?’ radionavigation system which 
operates in the spectral hand of 90 to 110 kHz v/ith a 100 kHz 
carrier frequency'’. Propagation in this hand has been studied 
extensivel:/ over the past thirt;^ ;/ears in conjunction with 
a variety' of navigation and communication s 3 /-stems. This 
discussion considers only propagation effects on the phase 
or travel time of the 100 kHz ground v;ave as seen h^^ a sea- 
level receiver located in the far field of the transmitter. 
Considerations of signal strength, slrn-zave propagation, 
receiver altitude, and inductive field effects near the 
transmitter are relativel,y unimportant for this application 
of lorsn-G positioning. Tn.v of the general references on 
loran-G contain additional information on propa.gation 
including those aspects not specifically^ covered here. 

Propagating as a ground wave, the Loran-C signal is 
sensitive to the geophysical properties of the earth/atmos- 
phere medium through which it is traveling. Table I sum- 
marizes the important properties and describes their effect 
on the travel time of the signal relative to an assumed 
seav/ater path which is t 3 '’pically used in Loran computations. 
Those properties related to the earth’s surface result in 
errors of up to two or three microseconds relative to the 
computed values {Sensus, 1976, and Eaton, 197^ . Atmospheric 
effects result in time dependent variations of up to 0.6 
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microsecond per day v/ith shorter period fluctiiations of 
0.1 microsecond per hour [Doherty and Johler, 1976]. ;Vnnual 
variations due to seasonal changes in hotlp. the atmosphere 
and underlying surface can he as large as 0.7 microsecond 
(Veronda, 1977, using infoination from, several sources). 

3y careful use of the differential loran technique, these 
temporal variations can he reduced to something less than 
0.02 microsecond. 

A. PHASE PASTORS 

Using the classical Yan der Pol-Bremmer ground v/ave 
theor;^, it is possible to develop a computer program to 
calculate the actual travel time of a signal over com.plex 
land-sea paths with widely varying geophysical properties 
[johler, 196f] . The method seems to he too cumbersome 
for routine use in the hydrographic survey application. 
Instead, it is realistic to approximate the travel time t 
a.s, 

t = -2- D +^ + 6 (3) 

v;here the terms are the same as given in equation (2) except 
that the phase factor P has been split into tv/o terms. In 
this form, the term — p is called the Primary Tra.vel Tim.e 
V/ith n=l. 000333 for the standard atm.osphere and c=299.7942 
meters/m.icrosecond. The secondary/ Phase Pactor \I/ describes 
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the delay of a signal propagating over a smooth seawater 
path relative to the primar3r travel time. National Bureau 
of Standards Circular 573 [johler, 195 ^] describes the com- 
putation of \p for varying distances. The Additional 
Secondary Factor £ represents the additional delay accumu- 
lated on non-seav;ater portions of the path; i.e., it describes 
the lag of the actuaJ. signal relative to an eq^iivalent dis- 
tance over seawater. The general time difference equation 
becomes, 

TD + (€j.t-£3) = 3 D + - 2 : (D3 - D,..) + ( 4 ) 

The advantage of this form is that the so called overland 
correction, 6 -t - 6 g » is reduced to a relatively small term 
in the TD equation. Typical values are on the order of 
several microseconds or less v;hile the total time difference 
is on the order of 10 ^ microseconds. 7 ig^are 2 shov/s the 
theoretical form of the Additional Secondary Factor for three 
hjTpothetical paths vdth differing lengths of land path ^hait, 
I963J . The land pa.th lengths shovn v/ere chosen because they 
approximate the situation in Montere;'" Ba:,’’, California, v/here 
the field experiment described later in this report v;as con- 
ducted. The abrupt drop in the 6 values upon crossing the 
coastline is the phase recover;/ effect which occurs at any 
conductivit;/ discontinuit;/ in the underlying surface. 
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ADDITIONAL SECONDARY FACTOR 




?igxire 2. Variations of Additional Secondaiy Factor with 
Distance on T 3 rpical Land-Sea Paths 

The cmrves asstune a ■uniform conductivit^T of 
0,01 mho/m and a pezmitivity of 15. The sea 
path values are 4 mho/n and 80, respective!:/. 

The phase recover:/ effect at the coastline is 
s:nnholized hy the dashed portions of the curves. 
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x>. 



0^/SRLi\ITD PROPAGATION GOPJIECTION 



In order to use the tine difference equations to compute 
a position, it onl^;’ remains to empiricall 3 ;' measure the over- 
land corrections for each rate. Terms on the right-hand-side 
of equation (4) are either constants or computed quantities 
depending on path distance. By subtracting observed and 
computed TDs at a knov/n position, the overland corrections 
can be empirically deteimined for that position. The problem 
in calibration is to extrapolate these corrections to the 
surrounding area. 

To complicate the problem, the spatial pattern of the 
overland correction is one of hills and valle^/’s representing 
the subtraction of tv/o independent!?/ varying £ fields. 
Several calibration procedures have been developed v;hich 
use observed TD values, but none have produced sum/ey qualit*^ 
corrections. The most promising method (Pohert;r, 197^ com- 
bines measurements and some physical constraints of ground 
v/ave propagation theory. Using 75 land based measurements 
in an axea of 100 kilometers square, it achieved a R.M.S. 
position error of about 30 meters v/hich is significant!?/ 
v/orse than that needed for h?/drography. Although the method 
requires a considerable degree of computational finesse, 
such met’iods deserve further stud?/ with offshore data, sets 
to truly test their applicabilit;/ to routine surve?'" opera- 
tions. It appears that for the time being at least, there 
is no method of reliably predicting overland corrections 
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from relatively fevr calibration measurements. The hydro- 
grapher is faced \\rith the task of mapping the corrections 
over much of the area and then interpreting the pattern 
in order to extrapolate the corrections to the remainder 
of the sur^/ey area. The procedure is not unlike that 
present!}/ employed v/ith medium frequenc:/ positioning sys- 
tems. ";/hile the hj'-dro graphic community has considerable 
experience v/ith medium frequenc}’’ s^/stems, there has been 
little v/ork v/ith long baseline loran chains in order to 
docijiment the spatial variability/ of the corrections in. 
offshore areas. 

In one study off the v/est coast of Vancoviver Island, 

[Saton 1979 ) obser^/ed a variation of 0.1 microsecond/kiloraeter 
at about 25 kilometers offshore as the ship passed into the 
shadov/ of the island. This probabl}/ represents a v/orst-case 
situation. As discussed later in this report, measurements 
in Monterey Say suggested variations of less than 0.02 
microsecond/kilometer, once free of the phase recover;/ 
effects near the coast. Additional v/ork v/ith fine grid 
Loran prediction models and field measurements is needed in 
order to explore the spatial variabilit;/ of the overland 
corrections in offshore areas. 

Table II summarizes the preceeding discussions on 
sources of time difference errors and the effectiveness of 
the various techniques to correct for them. The reader is 
cautioned that these are estimated errors derived from man;/ 
different sources. There have been fev/ field tests in off- 
shore areas v/ith sufficient accurac;/ to validate some of these 



errors 
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(5) Probably Impracticable to calibrate with sufficient density 



. FIELD TSS: 



In order to test the use of differential Loran-C and 
potential cad-ihration procedures in a t 3 ’-pical surve:,'’ opera- 
tion, a series of tracklines were run in the southern por- 
tion of Monterey Ba 3 ;-, California, As shov/n in ?i,gure 3, 
the lines extended from 20 kilometers offshore to v/ithin 
a fe\7 hundred meters of the "beach in places. Position 
data v/as recorded simultaneously from two systems; an on- 
"board Loran-C receiver and a range/range microv;ave system 
v/hich v;as set-up over geodetic control points. The trank- 
lines v/ere run on tv/o separate da/AS, 12 June and 25 July 1979, 
during da^/light hours. The vessel used v/as the R/7 ACAITIA 
v/hich is operated h:/ the ITaval Postgraduate School. The 
positioning equipment consisted of a Ilicrologic ML-1000 
Loran-C receiver, v/hich has a 0.01 microsecond resolution, 
and a Motorola Mini Ranger III Microwave S.^T'stem; both of 
which v/ere provided "by the school. 

Position data from both s;^stems \«/ere manuall’g lo^^ged 
a.t tv/o mimite inter^/als v/hile the ship maintained constant 
course and speed. Traveling at speeds of nine to ten knots, 
this resulted in positions a,t roughly 0.5 kilometer intervals 
aJ.ong each trackline. 

Loran coverage in this area consists of the 9940-V.', X 
and Y rates of the '.7est Coast cha.in, Rigtire 4. Onl'^ the 
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Figure 3. 
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X positions 
• positions 
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Pi-iTixir© 4« Locs.'tion of* '.■/es't Gos.s't Loran.~C S"ts."tions 
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':I and Y rates v/ere recorded even th.ough the X and Y pair 
provided "better precision in this area. The ’*/^-rate v/as 
selected "becanse of the close proximity of the System Area 
Monitor at Point Pinos vfaich controls both the X and Y 
secondaries (see Pigure 3 ). This control removes virtually 
all temporal variation in the X and Y rates over Montere3/ 

Ba3^ malcing it impossible to test the differential technique. 

It v;as hoped that the rate, v/hich is controlled '03'- a 
monitor on the Oregon coast, v/ould shov/ some significant 
variations. Records of the time differences of all three 
rates from the Point Pinos monitor v;ere examined. Rone 
shov/ed an 37 ‘ variations over O.O4 microsecond during the tests, 
v/ith t3m)ical fluctuations of less than 0.01 microsecond. 

This high degree of temporal stabilit3r resulted in negligible 
differential corrections. In order to test the potential for 
calibrating the loran-C S3rstem over a limited area, the posi- 
tions derived from the microv/ave S3^stem measurements v;ere 
used to compute expected time differences at each point. 

The difference betv/een these computed values and the observed 
time differences constituted a set of estimates of the over- 
land corrections. 

A. Z-IICROMA^rB SYSTEM POSITIOMIIIG 

The microv/ave S3rstem was used to fix the geographic posi- 
tion of the ship b3/‘ standard range/range computationaR tech- 
niques. The two ranging stations were set on lQlO\^m, geographic 
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positions listed in Table III. Ship positions v;ere computed 
on a I-Iodified Transverse Mercator G-rid v/hich v/as centered 
in the surve3'' area Q/allace, 197l] . In thJ.s \is.j the errors 
in computed latitude and longit^^de due to grid distortions 
v;ere minimized. Obviously bad positions v/hich resulted 
from infrequent ranging errors in the microv/ave S3'’stem v/ere 
rejected. The microv/ave s3/stem had been calibrated over 
Iciov/n baselines of 4683 and 17621 meters. Mith a ranging 
accurac3'’ of 1 3 meters as claimed 03' the manufacturer, the 
ship positions have a R.M.S. position error of less than 10 
meters over the anea, v/hich v/as adequate to test the accuracy 
of the loran derived positions. 

3. L0RTM:-C POSITIOiT COHPUTATIOITS 

Time differences for each of the positions v/ere computed 
assuming seav/ater path propagation using a fortran routine 
adapted from one supplied by the national Ocean Survey 
[Riordan, 197^ . The computed and obser^/ed time differences 
v/ere companed and five positions v/ere rejected because of 
obvious busts in the recorded Loran values. This left 130 
positions for the subsequent analysis. The Loran s3/stem para- 
meters used in the computations ane listed in Table III, In 
order to be consistent v/ith the ITa.tional Ocean Surve3/ charts 
of the area and the microv/ave S3''stem positions, all computa- 
tions v/ere done relative to "orth ibmerican Datum 1927 geogra- 
phic positions. 
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TABLE III - Geographic Positions and Constants Used 

in Position Computations 



riicrov/ave System 
Stations 



Mulligan (1932) 



Mussel Pl.M. 2 
(1932) 

Montere’^ Ba’’’ 

4 CHB (1972) 



Loran-C 9940 Chain 



Station 



Master 
Ballon, MY 

Secondary Y 
George, '.JA 

MY 



Geographic Position 
(MAD 1927) 



36 


44 


56. 


.717 


N 


121 


47 


52. 


,416 


T.r 

ti 


36 


37 


17. 


.540 


N 


121 


54 


11. 


.357 


T-r 


36 


37 


31. 


,128 


IT 


121 


50 


31. 


.723 


il 



Data 



Geo.jrra'ohic Position 
(:MJ) 1927) 



39 33 07.05 M 

118 49 52.23 M' 

47 03 43.32 M 

119 44 3 4.73 -,I 

35 19 13.32 M 
114 4S 13.95 V/ 



Hemarhs 

Used on both 
12 June and 25 Julj/ 

Used on 12 June 
Used on 25 Jul^r 

Emission Dela.y 
(microsecon ds) 

11,000.00 -i- 2796.90 



Secondary Y 
Searchlight, 



40,000.00 + 1967.27 



C. AITALYSIS OP THE LORiUT DATA 



Receiver error and velocity effects v/ere appanent in 
the data. Ship motion and the five second averaging time 
of the receiver resulted in observed TDs v/hich v/ere several 
seconds old in comparison to the microv/ave system measure- 
ments; i.e,, the loran readings represented the position of 
the ship several seconds before the microv/ave system fix 
v/as determined. In order to partiaRl:^ compensate for this 
effect, the observed TDs v/ere advanced a distance equivalent 
to that traveled by the ship in 2.5 seconds. Depending upon 
the course and speed of the ship, the correction ranged 
betv/een - 0.07 microsecond for the h rate and - 0.03 micro- 
second for Y. In future v/orlc, a compviter based data logging 
system could perform this correction in real-time and obtain 
better results. 

In order to study the spatial variation of the overland 
correction, the differences betv/een computed and observed 
TDs v/ere calculated at each point. Defining these differences 
as EY and S';f for the TDY and TDh rates, respectively, it is 
appanent that, 

EY = £y + receiver error 

and similarly for SV/. Thus these E values at each point con- 
tain the information on the overland correction, but it is 
masked by receiver errors. For reference, a listing of 
geographic position, the obser'/ed TDs and respective E values 
has been appended to this report. 



Tests v/ith the ship stopped gave a random receiver 
error of 0.05 and 0.07 microseconds (one standard deviation) 
on the Y and rates, respectively'’, v/hich v/as reasonable 
given the manufacturer’s claim of 0.1 microsecond. In 
order to reduce the effect of receiver error, the computed 
S values v/ere spatially averaged over a circular area, of 
1300 meter radius around each position. Assiraing that 
receiver errors v/ere randomly distributed, the increased 
number of estimates tended to bring out the spatial pattern 
of the overland corrections. The choice of a 1500 meter 
avera.ging radius v;as soraev^hat arbitrary. Given the 500 to 
600 meter spacing of positions, this choice brought any- 
v/here from 3 to 10 ad.jacent positions into the averaging 
process. It obviously suppresses variations v.dth a sca,le 
of less than 3 hiloraeters, but monotonic trends in the 
pattern v;ere prese3n/ed. 



D. RESULTS 



figures 5 and 6, v/hich depict the overland corrections 
for the test area, were derived from the spatially/ averaged 
values. The contours indicated a rapid change in the cor- 
rectors in the nearshore area due to phase recovery/ of the 
signals after passing over the coast. At 12 kilometers 
offshore the variation had dropped to soraethJ.ng less than 
0.02 microsecond/kilometer. Using the 43 data points (not 
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figure 



Overland Pro-oagation Correci;ions, 9940-’v Pate 
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?i,?ure 6. Overland Propagation Corrections, 9940-Y Rate 
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averaged) v;hich v/ere 10 kilometers or more offshore, the 
following overland corrections v/ere determined: 





Average 


Standard 


Loran 


Correction 


Deviation 


Rate 


(microseconds) 


(microseconds) 


Y 


-0.50 


0.07 


\f 


-1.16 


0.08 



The computed standard deviations v/ere t^^pical of those 
expected from a receiver v/ith a standard error on the 
order of 0.1 microsecond or less. Applving these average 
corrections uniforml 3 ’’ to the offshore positions gave a 
R.M.S, distance error of 66 meters in the derived loran 
positions. If similar results had teen obtained v/ith the 
X and Y rates, v/hich have better geometric precision in 
the test area, the R.M.S. distance error would have been 
reduced to about 42 m.eters. 
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m, corcLusioFs 



The National Ocean Survey has required that any electronic 
positioning S 3 '’stem exhibit a R.N.S. distance error of less 
than 0.5 millimeter at the scale of the survey. The 
snaJ.lest scale routinely'’ used for coastal surve 3 /s is 1:30,000 
implying an allov/ahle error of 40 meters. On this basis, 
it v/as concluded that a positioning s 3 /stem based on loran-C 
in the h 3 ’’perbolic mode is unsuitable for routine h 3 ’‘dro graphic 
use; given the R.M.S. distance error of 66 meters obtained 
in the field test. The 42 meter accuracy (drms) quoted in 
the results assumed an atypical improvement in loran geometr 3 ;‘ 
v;hich invalidated its use as a test of the routine h 3 Mrogra.- 
phic su.rve 3 r situation. 

It should be noted, hov/ever, that these errors v;ere 
largel3/’ due to random receiver errors x-zhich vzere estimated 
to be on the order of 0,07 microsecond. Any improvement in 
receiver design or data sampling procedixres which x^zould 
bring this random error dovn to something less than 0,05 
microsecond could make a loran-C positioning s 3 zstem for 
h 3 zdr o gr aph 3 z f e a. s i b 1 e . 

The second largest source of error was found to be the 
unresolved spa.tial variations in the overland propaga.tion 
correction. Further v/ork is needed to determine v/hether or 
not these errors could be reduced to somethJ.ng less than 



41 



0,05 nicrosecond in offshore areas av/ay from the coastline 
induced perturha.tions. The approach a.dopted in this study 
v/as to determine the overland corrections empirically from 
measurements. Other a.pproanhes are possible, such as 
Doherty p.97^ , v;hich combine measurements v.dth physical 
constraints of the ground v/a.ve propagation theory. Tests 
of such methods v/ith offshore data bases v/ould be extremely 
enl i gh t en in g . 

Temporal instability of the Loran rates v/as found to be 
an insignificant source of error. The investigations cited 
in this report have indicated that these errors can be 
reduced to something less than 0.02 microsecond by proper 
application of differential Loran techniques. 

'.Thile it has been shovn that the present capabilities 
of a loran-C positioning system fall short of those needed 
for hydrographic sui*veys, that goal seems tantalizingly 
close. 
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appendix: data LISTING 

CFFSHCRE observations 



SHIP POSITION OBSERVED LGRAN RATES S CORRECTIONS 



LATITUDE 


LONGITUDE 


9940-Y 


EY 


9940-W 


EW 


(0-M- 


•S) 


(D-M- 


-SJ 


(>iS) 


(JUS) 


(MS) 


(MS) 


36 


43 


45.80 


121 


55 


27.16 


42789.34 


-0.49 


16294.04 


-1.08 


36 


44 


3.40 


121 


55 


32.34 


42791.13 


-0.40 


16293.46 


-1.13 


36 


44 


21.18 


121 


55 


37.39 


42793.04 


-0.39 


16292. 73 


-1.02 


36 


44 


37.49 


121 


55 


46.95 


42795,13 
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